Objectives: YhiV (MdtF) is an resistance nodulation division (RND) type efflux pump in Escherichia coli with significant homology to AcrB but usually expressed at a low level in clinical isolates. When overexpressed the pump confers decreased susceptibility to a variety of substances including erythromycin and ethidium bromide (EtBr). We characterized two mutants of E. coli E12 (DacrB DacrF) overexpressing yhiV that showed surprising differences in their spectrum of multidrug resistance (MDR).
Introduction
Virtually all Gram-negative bacteria harbour genes for efflux pumps that belong to the resistance nodulation division (RND) family. These pumps are very effective in generating resistance against a variety of chemically diverse compounds including antibiotics, dyes and other xenobiotics, and there are many examples of multidrug resistance (MDR) in clinical isolates of Enterobacteriaceae, Pseudomonas aeruginosa and other non-fermenters associated with overexpression of RND-type pumps. [1] [2] [3] In Escherichia coli, seven homologous RND-type pumps are known. Five of these [AcrB, AcrF, MdtB (YegN), MdtC (YegO), YhiV (MdtF)] are known to expel a large number of chemically unrelated compounds, whereas CusA (YbdE) and AcrD appear to have smaller spectra of substrate recognition. Most are not expressed or expressed at low level in clinical isolates. Only the tripartite AcrAB-TolC complex appears to be expressed constitutively at higher levels and contributes significantly to the intrinsic resistance of E. coli to a number of antibiotics. Acquisition of an MDR phenotype in E. coli has often been linked to AcrAB overexpression. 2, [4] [5] [6] In an AcrAB knockout background, mutants can be selected that overexpress AcrEF. Thereby, an MDR phenotype is created that is similar to that seen with strains overexpressing AcrAB. [7] [8] [9] Whether mutants with overexpression of other MDR efflux systems might be selected from AcrAB/AcrEF double knockout strains has not been investigated. One candidate among RND-type pumps is the transmembrane heteromultimer MdtB/MdtC that confers novobiocin and low-level norfloxacin resistance and is regulated by the response regulator BaeR which also up-regulates AcrD. [10] [11] [12] Another candidate, YhiUV, is regulated by the two-component system EvgAS. 13 YhiUV cooperates with TolC and is able to expel mammalian steroid hormones, ethidium bromide (EtBr), doxorubicin and erythromycin, among others. 11, [13] [14] [15] [16] It has also been shown to be responsive to iron starvation. 17 We performed mutant selection experiments with the E. coli DacrB DacrF strain E12 which is hypersusceptible to many drugs. After repeated exposure of E12 to levofloxacin we obtained two mutant strains that had increased yhiV expression but showed different MDR phenotypes. Here, we show that a point mutation in yhiV detected in one of the two mutants was associated with some of the differences in the MDR phenotypes of the two mutants. This mutation while conferring decreased susceptibility to a given drug led to increased susceptibility to others.
Materials and methods
Bacterial strains and growth conditions E. coli strains were grown in Luria-Bertani (LB) medium. The strains, derived from E. coli K-12 strain AG100 that were used in this study are listed in Table 1 . 5, 18 The DacrB DacrF strain E12 was exposed to increasing concentrations of levofloxacin (Sanofi-Aventis, Berlin, Germany) in a stepwise manner. Two mutants, DKO1/17 and DKO20/1 that differed from each other in their MDR phenotype were isolated.
Susceptibility testing
The MICs of a panel of antimicrobial agents, dyes and the putative efflux pump inhibitors phenyl-arginine-b-naphthylamide (PAbN) and 1-(1-naphthylmethyl)-piperazine (NMP) were determined in 96-well microtitre plates as described. 18 Briefly, bacterial strains were incubated overnight at 37 C in a volume of 100 mL of LB broth at a final inoculum of 5 · 10 5 cfu/mL. Susceptibility tests with LB both gave similar results as those obtained with Mueller-Hinton broth (MHB) with the exception of MIC values for clarithromycin that were consistently one doubling dilution lower in MHB. The tests were done at least in triplicate and included in all runs E. coli ATCC 25922 as quality control strain.
Intracellular accumulation of PAbN and linezolid
The intracellular accumulation of PAbN was estimated by measuring b-naphthylamine (b-NA). PAbN is cleaved by intracellular esterases upon entering the cell to yield the highly fluorescent metabolite b-NA, the production of which can be measured spectrofluorometrically. Cells were grown overnight on LB agar plates and were diluted in PBS/0.4% glucose (pH 7.4) solution to an OD 600 of 1.
The cells were placed on a 96-well plate in a Safire (Tecan, Crailsheim, Germany) fluorescence plate reader, and PAbN was added at a final concentration (unless otherwise indicated) of 200 mM. The relative fluorescence intensity (excitation, 320 nm; emission, 460 nm; bandwidth, 5 nm) was measured at 2 min intervals.
For the measurement of cell-associated linezolid we used an HPLC/MS assay. Briefly, cells were grown in 200 mL of LB broth at 37 C to an optical density (OD 600 nm ) of 0.5, centrifuged at 4000 rpm, washed twice in 50 mM PBS (pH 7.0) and resuspended in 7 mL of PBS/0.2% glucose to an OD 600 of 1. After 10 min at 37 C, linezolid was added at a final concentration of 20 mg/L. At timed intervals, 1 mL samples were removed, centrifuged at 13 000 rpm for 5 min at 4 C through silicone oil and the pellet was resuspended in 0.1 M glycine hydrochloride (pH 3.0) in a volume of 300 mL. After overnight incubation at room temperature, samples were centrifuged at 13 000 rpm for 10 min at 4 C. Aliquots of supernatant were used to measure the amount of released linezolid by HPLC/MS as described previously. 19 All experiments were done at least in duplicate.
Molecular biology techniques
Standard techniques were used. PCR was performed with Taq DNA polymerase (Eppendorf, Hamburg, Germany). The TripleMaster PCR system (Eppendorf, Hamburg, Germany) was used for generating PCR products for homologous recombination. The BigDye version 2.0 Terminator kit (Applied Biosystems) was used for performing the sequencing reactions that were analysed with the MegaBACE500 sequencer (Amersham Biosciences, Freiburg, Germany). In all cases, two independent PCR products were sequenced on both strands. The entire yhiV nucleotide sequence of the original strain and the two mutants was determined. The quinolone-determining resistance regions of gyrA and parC were PCR amplified using previously described primers. 20 
Gene inactivation and allele replacement
Gene inactivation was done by the insertion of a spectinomycin resistance cassette into DKO1/17, employing a phage l-based homologous recombination system (GeneBridges, Dresden, Germany). 21, 22 Briefly, a spectinomycin resistance cassette (aad9 gene) from pEU327 23 was introduced into the yhiV gene using pSC101-BAD-gbaA as supporting plasmid provided with the Red/ET counter selection kit, leading to the triple knockout (DacrB DacrF DyhiV ) strain TKO.
The cassette was replaced by an HPLC-purified oligonucleotide (Thermo Electron GmbH, Ulm, Germany) containing a point mutation G!T at nucleotide position 1828 of yhiV resulting in amino acid exchange of valine to phenylalanine. The sequence of the PCR product was as follows (part of homology arms given in boldface, exchanged nucleotide at position 1828 underlined):
0 . To reintroduce into DKO1/17 the wild-type yhiV sequence, a PCR product from yhiV of AG100 as template was used for homologous recombination. 5 0 -AGGTGACG-GATTATTATCTGACT-3 0 served as forward and 5 0 -TTTTCCT-CACCGACACGTTCAGAC-3 0 as reverse primer. The homologous recombination was confirmed by PCR and DNA sequencing of the yhiV gene.
RNA isolation, preparation of cDNA, and quantitative RT-PCR
The level of gene expression was estimated by quantitative RT-PCR (qRT-PCR). Briefly, total RNA from late logarithmic growth phase cultures was obtained with the RNeasy mini kit (QIAGEN, Hilden, Germany). RNA concentration was determined photometrically. Purified RNA was then used for one-step reverse transcription and real-time PCR amplification using the QuantiTect SYBR green reverse transcription-PCR kit (QIAGEN, Hilden, Germany) in the LightCycler (Roche, Mannheim, Germany). gapA expression was used to normalize expression ratios that were calculated with the REST proGramme. 24 In all cases, the mean values of mRNA expression obtained in two or three experiments with duplicate measurements each were considered. The primer sequences used in the gene expression studies are given in Table 2 .
Protein modelling
The three-dimensional structure of YhiV was modelled by submitting the amino acid sequence of YhiV to the SWISS-MODEL server 25 using the crystal structure of the homologous RND transporter AcrB 26 as a template. The hypothetical YhiV structure was visualized using the PyMOL software available at http://pymol.sourceforge.net.
Results
Both mutants were obtained from E. coli E12 after several selection steps with increasing concentrations of levofloxacin.
Both had identical QRDR mutations in gyrA and parC (data not shown) and showed greatly increased yhiUV expression according to qRT-PCR when compared with E12 (Table 2) , with expression ratios (mutant versus parent, normalized for gapA) of 500 (DKO1/17) or even higher (DKO20/1). The two clones differed in growth and MDR phenotype. DKO1/17 grew faster than DKO20/1 (data not shown) and was more resistant to linezolid (16-fold) and tetracycline (4-fold) but was less resistant to PAbN, azithromycin and telithromycin (all 4-fold) when compared with DKO20/1 ( Table 3) . Intracellular drug accumulation studies with PAbN (increased in DKO1/17) were consistent with the results for the differing MICs of PAbN (Figure 1 ) while the accumulation of linezolid was only minimally decreased in DKO1/17 ( Figure 2) despite MICs of linezolid differing between the two clones by 16-fold.
We determined the expression of a number of genes other than yhiUV. As shown in Table 2 evgA expression in the two strains was higher than in the parental strain E12, which is consistent with earlier reports showing that YhiUV is under the control of the EvgAS two component signal system. 13, 15, 16 Other minor differences between the two strains were noted. For example, expression of soxS, the activator of the superoxide SoxRS regulon, 27 was higher in DKO1/17 than in DKO20/1, and emrAB was more down-regulated in DKO20/1 than in DKO1/17. However, by this limited screening no differences in gene expression were found between the two mutant strains that could easily explain the observed differences in drug susceptibility. Sequencing of the whole yhiV gene revealed a point mutation (G!T) at nucleotide position 1828 resulting in an amino acid residue exchange from valine to phenylalanine at position 610. According to a search in the GenBank nucleotide database residue Val-610 appears to be conserved among many RND-type pumps (data not shown), and is situated in a depression area of the periplasmic loop of YhiV. AcrB template-based modelling indicated a pocket-like structure around residue Val-610 (Figure 3 ). This suggested that this amino acid residue may be part of a putative substrate binding site and that some of the differences in the MDR phenotype in the two clones might be related to this mutation in the YhiV pump.
To test this hypothesis we inactivated YhiV in DKO1/17 to obtain strain TKO, which was hypersusceptible to many test drugs (Table 3 ) but showed the same growth rate as DKO1/17 (data not shown). We then reintroduced into TKO both wild-type and mutant sequences of yhiV and obtained strains TKORYWT and TKORYMUT, respectively. Drug susceptibility studies confirmed that the YhiV point mutation Val-610!Phe in TKORYMUT conferred increased resistance against linezolid (16-fold increased MIC), tetracycline and some fluoroquinolones (4-fold) and decreased resistance to PAbN, azithromycin and clarithromycin (all 4-fold), but not telithromycin (Table 3 ). Addition of PAbN or NMP restored the susceptibility of both strains to the level of TKO with the exception of NMP, oxacillin and clarithromycin (Table 3) . YhiV, thus, was susceptible to inhibition by both compounds, similar to AcrAB and AcrEF. 28 Some other differences in drug susceptibility between TKORYWT and mutant strain TKORYMUT were noted but these were small (2-fold) ( Table 3) . Although their significance is uncertain they were reproducible, and the observed tendency (regarding, for example, erythromycin and the fluoroquinolones) was consistent with the (larger) differences between the two strains noted for other members of the same drug classes.
The finding of increased resistance of TKORYMUT against linezolid and decreased resistance to PAbN associated with the Val-610!Phe mutation was corroborated by the results of the drug accumulation studies in the two strains. TKORYMUT accumulated more PAbN (Figure 1 ) but less linezolid (Figure 2 ) than TKORYWT. The fact that TKO accumulated more linezolid than DKO20/1 and TKORYWT indicated that the YhiUV system may provide some basic linezolid binding but no transport sufficient to significantly alter the MIC of the drug.
Discussion
The YhiUV/TolC efflux system has been reported to confer decreased susceptibility to steroids including deoxycholate, to acriflavin, rhodamine G, SDS, EtBr and to erythromycin. 13, 14, 29 We have shown that this list also now includes PAbN, novobiocin, clindamycin, chloramphenicol, pyronin Y, newer macrolides and fluoroquinolones, and to some extent linezolid, but not NMP. The Val-610!Phe mutation of YhiV identified in the mutant strain DKO1/17 and obtained after repeated exposure to a fluoroquinolone was associated with enhanced resistance against linezolid and newer fluoroquinolones presumably through more efficient efflux of these substances out of the bacterial cell.
Whilst the dacrB dacrF background is somewhat artificial the observation of fluoroquinolone exposure linked not only with pump overexpression but also with a gain-of-function pump mutation is intriguing, as pump mutations that improve drug efflux could also occur in commonly expressed pumps such as AcrB among clinical isolates.
Notably, the relatively small reductions in fluoroquinolone susceptibility linked to the mutation in the periplasmic loop of the pump were associated with more pronounced and opposite changes in the MICs of several non-fluoroquinolone substances. Single mutations in an efflux pump and associated changes in pump substrate profiles have been reported previously for other multidrug transporters. [30] [31] [32] [33] [34] Mutations affecting substrate specificity of RND-type multidrug efflux pumps have been studied in some detail. There is evidence from crystal structure analysis, 26 mutational analysis and co-crystallization studies that substrates bind in the central cavity, 35, 36 and mutations apparently determining substrate specificity of RND-type multidrug efflux pumps have also been mapped to the periplasmic loop of AcrB, MexB and MexD (P. aeruginosa), and EmhABC (P. fluorescens), similar to the mutation in YhiV described here. [36] [37] [38] [39] [40] [41] Some of these mutations possibly affect the tertiary structure or proteinprotein interactions within the efflux complex and thereby modulated the substrate profile. Other mutations are thought to Relative changes of <0.5 and >2 are indicated in bold.
provide additional substrate binding sites relevant for recognition of a substrate, capture and passing it on to the central cavity. Indeed, it is likely that the periplasmic domain contains multiple sites of interaction for structurally dissimilar compounds, and therefore, single mutations may not necessarily have large effects on resistance. Single mutations leading to a loss of substrate recognition on one hand and leading to improved binding and transport of another substrate on the other hand is unusual. Such opposite effects associated with a single mutation were first reported for the Bacillus subtilis transporter BmrR. 32 More recently, Mao et al. 39 analysed mutations in MexD of P. aeruginosa resulting from exposure to carbenicillin. One of the described mutations, Glu-89!Lys mapping to the periplasmic loop, was associated with a 16-fold increased MIC of carbenicillin, but an 8-fold decreased MIC of azithromycin and a negative impact on the transport of EtBr and pyronin Y. Our report of a mutation in the periplasmic loop of YhiV is the second one describing such a phenomenon in an RND-type MDR efflux pump. Interestingly, macrolides were the drug class affected in the opposite direction in both our work and the study by Mao et al.
39
The pocket-like structure around residue Val-610 that was predicted by protein modelling is surrounded by several phenylalanine residues (Figure 3 ) that could be responsible for hydrophobic interactions with substrates on the pocket walls while interactions with polar or charged amino acids could occur with residues located just outside this pocket. The pocket-like structure appears to be connected through a small opening to a neighbouring cavity that, interestingly, has been recently described by crystallography as the binding pocket of PAbN in AcrB. 36 It is conceivable that the latter pocket provides binding sites for other substrates, and that both pockets provide consecutive binding and enable moving of a given substrate.
How exactly the change in selected substrate recognition and/or transport efficiency associated with the Val-610!Phe mutation is caused is unknown. A possible explanation may be increased hydrophobic interactions or increased steric hindrance since this residue forms part of the roof in the back of the pocket. It will be interesting and necessary to study the effects of a similar mutation in AcrB or AcrF. We hope that this will improve our understanding of where and how various substrates interact with RND pump protein complexes. 
